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ABSTRACT—Changes in the renal glomerulus were electron microscopically examined in male and
female rats of the Wistar/Tw strain at 1, 3, 6, 12 and 18 months of age. Initial lesions as focal thickening
of the glomerular capillary basement membrane (GBM) and the fusion of glomerular epithelial cell foot
processes (EpF) were encountered at 3 months in male and at 6 months in female rats. Twelve-month-
old female rats showed focal thickening of the GBM with fusion of the EpF and the formation of
vacuoles. At 18 months focal thickening of the GBM became segmental with fusion of the EpF and
frequent occurrence of fusion of the mesangial matrix to the GBM. At 12 and 18 months, there were
striking sex differences in the severity of the renal lesions. Only 12- and 18-month-old male rats showed
extensive thickening of the GBM with nodular folds intermingled with massive mesangial matrix,
extensive fusion, denudation of the EpF and degeneration of the epithelial cells.

INTRODUCTION

A marked increase in the water intake and
urinary output with low electrolyte concentration
was commonly observed in male rats of the Wistar/
Tw strain maintained in our laboratories at the age
of over 16 months [1-3]. These changes are
correlated with histopathological changes of the
kidney with about 70% of glomeruli degeneration
[4]. We have recently light microscopically
observed that 50% of the glomeruli was affected as
early as at 3 months of age in male rats and more
than 80% of the glomeruli, at 13 months. In
contrast, in female rats the affected glomeruli were
only about 40% at 9 months of age [5]. The
retarded development of kidney lesions in female
rats is well reflected by the changes in renal
functions, that is, female rats of the Wistar/Tw
strain develop polydipsia and polyuria at 19
months of age [6].

In electron microscopical study, we found de-
generative changes in the epithelial cell cytoplasm
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as bearing slender processes, extreme enlargement
of the mesangium intermingled with glomerular
basement membrane (GBM) and the cortical col-
lecting tubules filled with electron dense material
and with completely flattened epithelial cells in
male rats at 18 months of age, while the renal
structure of 3-month-old rats was mostly healthy.
At 3 months a slight thickening of the GBM with
some fusion of the epithelial cell foot processes
(EpF) was present in a few scattered areas of the
GBM, but the cortical collecting tubules were
normal [7]. Several authors have already reported
the age-related changes in other strains of rats
characterized by the thickening of the GBM and
the enlargement of mesangium area of male rats
[8-10]. Our results are generally in harmony with
theirs. However, as clear sex difference in renal
histopathological changes was the feature of the
Wistar/Tw strain, we attempted to extend our
electron microscopical study focusing on the male-
female difference of the glomerulus as a function
of age. The understanding of the factors causing
this sex difference may elucidate the aging proces-
ses of the kidney structure and function.
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MATERIALS AND METHODS

Male and female rats of the Wistar/Tw strain
were used in the present study. They were main-
tained in a temperature- and light-controlled room
with free access to laboratory chow (CA-1, Japan
Clea Inc.) and tap water. At 1, 3, 6, 12 and 18
months of age, five male and five female rats each
were killed by decapitation. Both kidneys were
quickly removed and weighed. Frontal slices a-
bout 1 mm thick were fixed in 2.5% glutaraldehy-
de and 4% paraformaldehyde in ice-cold 0.1 M
cacodylate buffer at pH 7.4. Then, cortical parts
of the kidney slices were cut into 1-2 mm blocks
and fixed in the same fixative for 2 hr. The tissue
blocks were washed with three or four changes of
0.1M cacodylate buffer containing 8% sucrose and
post-fixed in 1% OsOy in the same buffer for 2 hr.
All fixation procedures were performed at 4°C.
After dehydration in a graded series of ethanol,
the tissue blocks were embedded in low viscosity
‘Spurr’ resin (TAAB). Ten to fifteen blocks in
each rat were used for electron microscopical
observations. For the identification of glomerular-
tubular orientation, 0.6-1 zm thick sections were
cut and stained with toluidine blue. In some blocks
of old rat kidneys, the glomeruli were absent and
those blocks were not used for further observation.
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From the blocks which showed renal corpuscles
with vascular and urinary poles in thick sections,
ultrathin sections were cut with an ultramicrotome
(Ultratome Nova, LKB 2188). After staining with
uranyl acetate and lead citrate, sections were ex-
amined with a JOEL 1200 EX electron micro-
scope. Glomeruli were examined and 10-20
photographs were taken at the magnification of X
8000. Semi-quantitative analyses of ultrastructural
changes were carried out according to the method
of Hayashida et al. [10] with some modifications.
Outline of the analyses were briefly shown as
follows:

(a) Thickness of GBM - In each rat, the thickness
of GBM perpendicular to the basement membrane
were measured at 100 points.

(b) Epithelial cells and their foot processes - Per-
cent area of vacuoles in glomerular epithelial cell
(GEC) cytoplasm was calculated in 50 GECs in a
total of 400 «m? by point counting planimetry [11].
Size of vacuoles in each rat was randomly mea-
sured in 50 vacuoles. For the lesions of GEC foot
processes, the indices of I-V as shown in Table 2
were recorded in each rat. GEC lesions such as the
percent of the incidence of GEC cytoplasmic
attachment to the GBM in the GECs and the
cytoplasmic degeneration bearing vacuolation and
slender processes were also used as parameters.

-
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Age-related changes in the thickness of GBM in male (M) and female (4) rats. Vertical

bars indicate standard errors of means (SEM). Each point depicts the mean of 5 rats.
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(¢) Mesangium - Indices were used for the lesions
of the mesangium (Table 3).

Comparison between groups of male and female
rats was made by Kruskal-Wallis test and Mann
Whittney’s U test.

RESULTS

Glomerular capillary basement membrane (GBM)

Age-related changes in the thickening of GBM
in both sexes of rats are presented in Figure 1. The
thickness of GBM increased as a function of age in
both sexes. However, apparent sex difference was
present. At 12 and 18 months of age, the GBM of
male rats was about twice thicker than that of
female rats (P<0.005). The frequency of ultra-
structural lesions in the GBM is shown in Table 1.
Typical ultrastructural changes occurring in the
GBM are shown in Figure 2. Two rats with focal
thickening of lamina densa with three distinct
layers and two other rats with segmentally thick-
ened GBM without three distinct layers were
found at 6 months. At 18 months of age all male
rats showed extensive thickening with nodular
foldings of GBM. However, female rats started
showing focal thickening of lamina densa without
three distinct layers of GBM at 12 months. Only at
18 months female rats showed obvious thickening

TABLE 1.
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of GBM (Fig. 3a).

Glomerular epithelial cell (GEC)

Morphological changes of GEC cytoplasm in-
clude the increase in the area of vacuoles, the size
of vacuoles, the attachement of GEC cytoplasm to
the GBM and the degeneration of GEC cytoplasm
(Figs. 4-6). The most widespread changes in both
sexes of rats were the vacuolation in the rough
endoplasmic reticulum in GEC cytoplasm (Figs.
3b and 7). The highest percentage and the biggest
diameter of vacuoles were found in male rats at 12
months of age. However, 18-month-old male rats
showed lower percentage of vacuoles with smaller
diameter than 12-month-old ones (Figs. 7b and 8).
In addition, the attachment of GEC cytoplasm to
the GBM was observed in about 70 and 80% of the
GEGs in 12- and 18-month-old male rats, respec-
tively (Fig. 6). Eighteen-month-old male rats
showed degeneration of GEC cytoplasm in about
70% of the cells (Fig. 7b), while in female rats it
was about 3% (Fig. 3 and 6).

Glomerular epithelial cell foot processes
Age-related changes of GEC foot process le-
sions were recorded as indices from I-V (Fig. 9)
and the incidence of lesions in GEC foot processes
in male and female rats is shown in Table 2.
Frequent occurrence of focal and scattered fusion

Frequency of ultrastructural lesions in GBM in male and female rats of various ages

Age in
months

No. of

Sex rats

Normal I I

Lesion

Male 1
3

6

12

18

[

Female 1
3

6

12

18

(VRN SNV RV RV RV RV ARV

- =

1 —
2 2
1 a =

Lesion indices: I. Absence of significant ultrastructural abnormalities except focal and scattered
thickening of lamina densa with distinct three layers. II. Focal thickening of lamina densa with
distinct three layers. ITI. Segmental thickening of GBM without distinct three layers. IV. Thickening
and folding of GBM. V. Extreme thickening and nodular folding of GBM.
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Fi6. 2. Electron microphotographs illustrating lesions of II-V (refer to Table 1 for indices) in glomerular basement
membrane (GBM). Bar: 1gm. CL, capillary lumen; GEC, epithelial cell; US, urinary space.
a. Focal thickening of lamina densa with three distinct layers (Lesion II).
Thickening of GBM without three distinct layers (Lesion III).

b
c. Thickening and folding of GBM (Lesion IV).
d

Extreme thickening and nodular foldings of GBM (Lesion V).

of GEC foot processes were apparent at 3 months
of age in male rats and total degeneration of GEC
developed at 18 months in 2 out of 5 male rats.
However, in female rats no severe changes were
observed, except focal and segmental flattening of
fused foot processes at 12 months of age.

Mesangium

Increase in amount of the mesangial matrix in
male and female rats is shown in Table 3. Fre-
quent occurrence of fusion of the mesangial matrix
to the GBM was apparent in 6- and 12-month-old
male and 12- and 18-month-old female rats.
However, 2 out of 5 males at 12 months of age and
all 18-month-old male rats showed massive mesan-

gial matrix. The massive mesangial matrix filled
the glomerular capillary lumen which resulted in
the obliteration of the lumen (Fig. 8a). In 18-
month-old male rats the mesangial cell cytoplasm
underwent shrinkage due to massive accumulation
of the mesangial matrix (Fig. 8b).

Endothelial cell cytoplasm

One-, 3- and 6-month-old male rats and all
female rats showed normal structure of the en-
dothelial cell cytoplasm (Fig. 3). However, in 12-
and 18-month-old male rats the numbers of thin
layers of the endothelial cytoplasm and the fenes-
trae were reduced (Fig. 8).
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Fic. 3. Electron microphotographs of a part of glomerulus of an 18-month-old female rat. Bar: 1zm. CL, capillary
lumen; En, endothelial cell; GBM, glomerular basement membrane; GEC, epithelial cell; M, mesangial cell;
RBC, red blood cell; US, urinary space.

a. Thickening of GBM with focal fusion of epithelial cell foot processes (arrows). Mesangial cell and endothelial
cell show no significant abnormalities.
b. Vacuolation of the rough endoplasmic reticulum in the cytoplasm of glomerular epithelial cell.
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Fic. 4. Age-related changes in % area of vacuoles in
GEC (glomerular epithelial cell) cytoplasm in male
(open columns) and female (hatched columns) rats.
Vertical bars indicate SEM. Each point depicts the
mean of 5 rats.

Pﬂ'l

Diameter of Vacuoles
[=]
[
T

[

‘\.\ !
W |
1 3 6 12 18
Months
Fic. 5. Age-related changes in diameter of vacuoles in
male (open columns) and female (hatched columns)

rats. Each column shows the mean and SEM of 5
rats.

DISCUSSION

We have recently reported that the earliest
ultrastructural changes of the renal glomerulus
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Fi6. 6. Age-related ch of % GEC attach to
the GBM and degeneration of cytoplasm in male
(open columns) and female (hatched columns) rats.
The black columns indicate the degeneration of
GEC cytoplasm. Each column shows the mean and
SEM of 5 rats.

were observed in male Wistar/Tw rats at the age of
3 months. The changes were slight thickening of
GBM, blurring of lamina densa and focal fusion of
epithelial cell foot processes [7]. Similar morpho-
logical changes have been observed in Sprague-
Dawley rats [8] and Wistar rats [9] at 6 months of
age. Age-related changes in the kidney are char-
acterized by the thickening of GBM [9, 10, 12]
which was confirmed in our recent paper [7].
However, in Wistar/Tw male rats the thickness of
GBM was about twice greater than in female rats
at 12 and 18 months of age.

Kurtz and Feldman [13] and Walker [14] sug-
gested that the epithelial cell foot processes manu-
facture a major proportion of GBM material and
the changes of the GEC and GBM is interrelated
[15]. Several authors have reported that GEC
injury is associated with a number of experimental
and clinical glomerular disease [16-21]. The age-
related changes that occurred in the GBM and
GEC and their foot processes were closely interre-
lated each other in Wistar/Tw rats and the changes
were sexually different. Only male rats showed
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FiG. 7. Electron microphotographs of a part of glomerulus of an 18-month-old male rat. Bar: 1 zm. En, endothelial
cell; GBM, glomerular basement membrane; GEC, epithelial cell; M, mesangial cell, Ma, mesangial matrix; US,
urinary space.

a, The cytoplasm of glomerular epithelial cell containing vacuoles of rough endoplasmic recticulum (asterisks).
b. Attachment of epithelial cell cytoplasm to GBM and degeneration with vacuoles (asterisks).
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Fic. 8. Electron microphotographs of a part of the glomerulus of male rats at 12 (a) and 18 months (b) of age. Bar: 1
wm. CL, capillary lumen; En, endothelial cell; GBM, glomerular basement membrane; GEC, epithelial cell; M,
mesangial cell; Ma, mesangial matrix; US, urinary space.
a. Glomerular capillary lumen is filled with massive mesangium matrix and the endothelial cell is shrunken.
Note disappearance of thin layer cytoplasm of the endothelial cell
b. Mesangial and endothelial cell cytoplasm is shrunken by massive mesangium matrix. Note reduction of thin
layer cytoplasm and fenestrae of the endothelial cell (arrow).
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Fic. 9. Electron microphotographs illustrating lesions in the glomerular epithelial cell (GEC) foot processes. Bar: 1
pm. CL, capillary lumen; En, endothelial cell; F, foot process; GBM, glomerular basement membrane; GEC,
epithelial cell; RBC, red blood cell; US, urinary space.
a. Normal GEC foot processes.

Lesion I: focal and scattered fusion of GEC foot processes.

Lesion II: segmental flattening and extensive fusion of GEC foot processes.

Lesion III: zonal fusion of GEC foot processes and attachment of GEC cytoplasm to GBM.

Lesion IV: modest degeneration of GEC foot processes.

Lesion V: total degeneration of GEC foot processes.

-V -
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TaBLE 2. Age-related changes in incidence of lesions in the glomerular epithelial cell (GEC)

foot processes in male and female rats

Lesion
Age in No. of

S et rats Dloznal I uom v v
77Male 1 5 4 1 — — — —
3 5 = 5 — — — —

6 5 = 1 4 = = i

12 5 — — — 3 2 —

18 5 — — — 1 2 2

Female 1 B 3 — — — — —
3 5 4 1 — — — .

6 5 3 3 — = — —

12 5 — 2 3 — — —

18 5 — 4 1 = =

Lesion indices: I. Frequent occurrence of focal and scattered fusion of foot processes. II. Segmental
flattening and extensive fusion of GEC foot processes. III. Zonal fusion of GEC foot processes and
attachment of GEC cytoplasm to GBM. IV. Modest degenerative changes of GEC foot processes. V.

Total degeneration of GEC foot processes.

TaBLE3. Age-related changes in mesangium in male and female rats

No. of
rats

Age in
months

Normal I It

Lesion
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Lesions indices: I. Focal occurrence of fusion of mesangial matrix to GBM. II. Frequent
occurrence of fusion of mesangial matrix to GBM. III. Frequent occurrence of fusion of mesangial
matrix to GBM with some accumulation of mesangial matrix. IV. Very frequent occurrence of
fusion of mesangial matrix to GBM with massive accumulation of mesangial matrix.

huge vacuolation at 12 months with the attachment
of GEC cytoplasm to the GBM and some 12-
month-old and all 18-month-old rats showed the
degeneration of GEC cytoplasm.

Enlargement of mesangium was frequently
observed as age-related changes [8, 10]. However,
Gray et al. [22] reported that there was no wide-

ning of the mesangial area in aged Sprague-
Dawley rats. In the present study there was
frequent occurrence of fusion of mesangial matrix
to the GBM in both sexes which increased with
age. Massive enlargement of mesangium was
encountered only at 12- and 18-month-old male
rats.
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Kreisberg and Karnovsky [21] suggested that
persistent injury to the epithelial cells could lead to
the alteration in glomerular permeability which
resulted in the accumulation of proteins in the
mesangial area and could consequently lead to
mesangial cell injury. In Wistar/Tw rats, while
GEC cytoplasm started to degenerate at 12 months
of age, huge mesangium accumulation occurred at
more advanced ages. These findings support the
view of Kreisberg and Karnovsky [21]. In addi-
tion, we found the reduction and disappearance of
fenestrae and thin cytoplasm layer of endothelial
cells at 12 and 18 months of age in male rats.

To conclude, the results of the present study
indicate that the epithelial cell injury could lead
not only to mesangial cell injury but also to
endothelial cell injury, and that there is a clear sex
difference in the age-related changes of the renal
glomerulus at 12 and 18 months of age. In order to
know the cause of this sex difference, the study on
the influence of androgen on these changes is
under way.
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